Abstract-Abnormal erythrocyte sodium-lithium countertransport is common in a subgroup of patients with essential hypertension and a strong family history of hypertension and cardiovascular disease. We have previously shown that the abnormality in sodium-lithium countertransport is associated with tropomyosin, a cytoskeletal protein required to stabilize actin filament formation. Leukocyte trafficking events, which depend on cytoskeletal reorganization, are also altered in patients with essential hypertension with abnormal sodium-lithium countertransport. The aim of this study was to determine whether there is an abnormality in isoforms of tropomyosin that are common to erythrocytes and leukocytes. Analysis of reticulocyte RNA by reverse transcription (RT) and polymerase chain reaction (PCR) showed expression of TPMN and TPM5b isoforms of tropomyosin. No other isoforms were expressed. These isoforms were also detected in RNA from leukocytes. In patients with essential hypertension with abnormal erythrocyte sodium-lithium countertransport compared with normal control subjects, there was a higher TPMN/TPM5b ratio of protein in erythrocytes (median 3. 
A bnormal erythrocyte sodium-lithium countertransport (Na ϩ /Li ϩ CT) is a phenotypic marker of essential hypertension in patients with a strong family history of hypertension and cardiovascular disease. 1, 2 These patients also commonly have features of the "metabolic syndrome" such as insulin resistance, dyslipidemia, and raised body mass index, which indicate their own increased risk of cardiovascular disease. The functional relation of erythrocyte Na ϩ /Li ϩ CT to the mechanism of disease has remained unclear. However, the abnormality in erythrocyte Na ϩ /Li ϩ CT has been associated with a 33-kDa extrinsic membrane protein, [3] [4] [5] identified as tropomyosin, 6 an actin-binding protein that has a central role in the stabilization and organization of actin filaments.
Actin filaments have an important role in granule trafficking in neutrophils, 7, 8 a process that we have previously established to be abnormal in hypertensive patients with abnormal Na ϩ /Li ϩ CT. 9 This abnormality causes enhanced fusion of neutrophil intracellular granules with the cell membrane, which leads to a more rapid integrin exocytosis to the cell surface. 9 Increased integrin exposure on neutrophils may contribute to vascular damage and hence increase vascular disease in this patient subgroup. Therefore an abnormality in tropomyosin may be responsible for the altered Na ϩ /Li ϩ CT in erythrocytes and granule trafficking in neutrophils observed in these patients with essential hypertension.
Studies using antibodies directed against the N-terminal end of tropomyosin have suggested that 2 major isoforms, TPMN and TPM5b, are expressed in erythrocytes. 10, 11 Products of the TPM3 and TPM1 genes, respectively, these are proteins composed of 248 amino acids, each having high actin-binding affinities and the ability to form heterodimers. 12, 13 This makes them likely candidates as components of the cytoskeleton. Polymorphisms in the exonic and splicing regions of TPMN and TPM5b have not been detected (our unpublished observations). Although TPMN and TPM5b are strongly suggested as the major isoforms present in the erythrocyte cytoskeleton, the presence of other isoforms has not been excluded. In addition, there is no information available about tropomyosin expression in leukocytes, and it is not known if TPMN, TPM5b, or other isoforms are expressed similarly in erythrocytes and leukocytes, which could sustain the hypothesis of a common protein defect.
Tropomyosin isoforms commonly expressed in erythrocytes and leukocytes were identified and their expression investigated in normal control subjects and patients with essential hypertension. We show an increase in the TPMN/ TPM5b tropomyosin isoform expression ratio both at the mRNA and protein levels in patients with essential hypertension with increased erythrocyte Na ϩ /Li ϩ CT. The increase in protein ratio directly correlates with kinetic changes observed in the Na ϩ /Li ϩ countertransporter.
Methods

Materials
Agarose and Taq supreme were from Helena BioSciences. Bio-XAct Taq polymerase and Opti-buffer were from Bioline. Unless stated otherwise, all other reagents were obtained from Sigma.
Reagents were used according to the manufacturer's instructions.
Patients
Blood samples for reticulocyte mRNA were obtained from 2 patients with increased reticulocyte levels caused by abnormalities that cause reduced erythrocyte life-span but do not involve any known abnormality in the membrane cytoskeleton. Patient 1 was male, with erythrocyte pyruvate kinase deficiency accompanied by hemolytic anemia. Patient 2 was female, with ␤-thalassemia. Patients with essential hypertension receiving antihypertensive treatment to maintain blood pressure Ͻ140/90 mm Hg were recruited from local hypertension clinics. Secondary causes of hypertension were excluded; patients had not had previous myocardial infarction, stroke, or heart failure. However, they had either at least one other cardiovascular risk factor and abnormal Na ϩ /Li ϩ CT (EHTϩ) or no other cardiovascular risk factors and Na ϩ /Li ϩ CT within normal limits (EHTϪ). Erythrocyte Na ϩ /Li ϩ CT was measured, and transporter kinetics were classed as normal or abnormal as previously described. 5 Age and gender-matched normotensive control subjects (NC) were university and hospital staff and friends and spouses of patients with blood pressure Ͻ140/90 mm Hg and normal Na ϩ /Li ϩ CT. Diabetes was excluded by a fasting blood glucose Ͻ6 mmol/L, and NC had no family history of hypertension. Patient general characteristics are shown in Table 1 . Blood for RNA was taken into sodium-EDTA tubes, stored on ice, and processed within 1 hour of collection. The Joint Ethics Committee of the Newcastle Health Authority and Newcastle University approved the study protocol, and all subjects gave informed consent.
Separation of Reticulocyte and Leukocyte Fractions
Blood was centrifuged at 400g for 10 minutes at room temperature; the buffy coat was placed in a separate tube and made up to the original blood volume by use of ice-cold diethylpyrocarbonatetreated (DEPC-treated) PBS. Erythrocyte lysis buffer (320 mmol/L sucrose, 5 mmol/L MgCl 2 , 1% vol/vol Triton X-100, 10 mmol/L Tris-HCl, pH 8.0) was added and centrifuged at 2000g for 10 minutes at 4°C. Residual red cells in the pellet were lysed by addition of a further 10 mL of lysis buffer, and the leukocytes were pelleted by centrifuging. Red cells free of buffy coat were suspended in an equal volume of PBS, pelleted by centrifugation at 400g for 10 minutes at room temperature, and the supernatant and uppermost layer of cells discarded. After 5 washes, reticulocytes were free of leukocytes.
RNA Isolation, cDNA Synthesis, and Reticulocyte cDNA Purity
RNA was isolated by means of TRI-reagent BD and cDNA synthesized with the Omniscript kit (Qiagen) after first DNase-treating samples with RNase-free DNase (Promega).
Leukocyte contamination of reticulocyte cDNA was excluded by polymerase chain reaction (PCR) for a 743 base pair (bp) fragment of the HLA-DQ-␣ major histo-compatibility region, 14 using the forward primer 5Ј-GCTCTGATGCTGGGGTCCC-3Ј and the reverse primer 5Ј-GGGCCCTTGGTGTCTGGAA-3Ј. Each 50-L reaction contained 0.2 mmol/L deoxynucleotide triphosphates (dNTPs), 0.25 mol/l primers, 1.5 U Taq supreme DNA polymerase, and 2 L template cDNA. Samples were denatured for 5 minutes at 95°C, followed by 40 cycles of 95°C 1 min/60°C 1 min/68°C 1 minute and a final extension at 68°C for 7 minutes in a Gene-Amp thermocycler (PE Applied Biosystems). Samples were electrophoresed in agarose gels and visualized by UV transillumination according to standard procedures. 15 
Amplification of Tropomyosin cDNA Isoforms and Sequencing
Each 50-L PCR reaction contained 1.5 U Taq supreme DNA polymerase (68°C extension temperature) or 2 U Bio-X-Act Taq polymerase (72°C extension temperature), 0.2 mmol/L dNTPs, 0.25 mol/L of both forward and reverse primers (Table 2) , and 2 L template cDNA. Reaction conditions are given in Table 3 .
Amplified DNA was sequenced in an Applied Biosystems 377 Sequencer by means of the nucleotide dye-terminating method.
Tropomyosin of Erythrocyte Ghosts and Leukocyte Membranes
Erythrocytes were lysed, on ice, in lysing buffer (20 mmol 
Membranes were collected by centrifuging at 10 000g for 10 minutes at 4°C. Leukocyte membranes were prepared as previously described. 16 Membrane proteins were separated by SDS-PAGE 17 and electroblotted to PVDF membrane. Immunoblotting for tropomyosin isoforms TPM5b and TPMN was performed with the monoclonal antibodies Pep3-43 13 and CG3, 18 respectively.
For quantification, erythrocyte membrane tropomyosin was extracted in 20 mmol/L EDTA and contaminating proteins heat denatured at 95°C for 10 minutes. Tropomyosins were separated by SDS-PAGE 17 and stained in Coomassie brilliant blue. Bands were quantified using ID image-analysis software (Kodak).
Preparation of DIG-Labeled Riboprobes
Exons 5 to 9d of the TPM1 gene, exons 4 to 9d of the TPM3 gene, or a 161-bp fragment of human 28s ribosomal RNA were reversetranscribed and amplified by PCR as described above, using the primers: forward; AAGCTGGTCATCATTGAGAGC, reverse; AT-GAAAGAATGTGGTCGCAGC, or forward; CAGAAGAGGCA-GATAGG AAG, reverse; ATCTCATTCAGGTCAAGCAG or forward; GATCCTTCGATGTCGG CTC, reverse; CTGAGCAGG- 
Denaturing Formaldehyde Electrophoresis and Northern Blot Analysis
RNA samples (2 g) were denatured and size-fractionated by electrophoresis on agarose-formaldehyde gels, transferred to positively charged nylon membrane (Roche Diagnostics), and UV cross-linked with a Stratalinker (Stratagene), according to standard protocols. 15 Transfer efficiency was assessed by staining the membrane with methylene blue. 15 Membranes were hybridized at 64°C in Ultra-hyb (Ambion), using DIG-labeled riboprobes and bound probe detected with anti-DIGalkaline phosphatase, CPD-Star substrate (both Roche Diagnostics), and exposure to enhanced chemiluminescence film (Amersham). Bands were quantified by ID image-analysis software (Kodak).
Results
Expression of Tropomyosin Isoforms
Isoform expression was analyzed by using primers designed to human DNA sequences or to rat DNA after alignment with mouse and rabbit sequences, with the ClustalW multiple sequence alignment tool (http://www.clustalw.genome.ad.jp/) used to allow for base variability across species (Table 2) .
Therefore, primers for exons 9b and 9c from the TPM1 gene and exon 9c and its 3Ј untranslated region (UTR) from the TPM3 gene were expected to bind human cDNA if exons were expressed.
To confirm that primers designed to various cDNA sequences from the 4 known tropomyosin genes ( Figure 1 ) (Table 3) . RT-PCR with primers designed to amplify rat exons 9b and 9c from the TPM1 gene and exon 9c and the 3ЈUTR of 9c of the TPM3 gene 19 (Table 2 ) generated PCR fragments of the correct size when rat brain cDNA was used (results not shown). Subsequent sequencing confirmed the presence of each tropomyosin isoform.
RT-PCR reactions repeated with RNA extracted from reticulocytes (immature erythrocytes) of patient 1 demonstrated expression of 2 tropomyosin isoforms (Figure 2a , panel R). Exon 9d from both TPM1 and TPM3 was present. Leukocyte cDNA, however, suggested that at least 6 tropomyosin isoforms are expressed (Figure 2a, panel L) . These included splice variants that used exon 9d from TPM1 and exon 9d from TPM3. Sequencing revealed that the isoforms expressing exon 9d from the TPM1 and TPM3 genes from both reticulocytes and leukocytes also contained the alternatively spliced exon 6a but not 6b. Experiments with cDNA derived from the reticulocytes and leukocytes from patient 2 demonstrated identical expression patterns (results not shown).
Further RT-PCR and sequencing using primers designed to amplify exons 1a and 1b from both the TPM1 (Figure 2b ) and TPM3 genes (Figure 2c) showed that exon 1b was used from both genes. This confirmed the identity of the isoforms expressed in reticulocytes to be TPMN and TPM5b and showed that the same 2 were also expressed in leukocytes. PCR with primers specific for the HLA-DQ gene region 14 demonstrated that reticulocyte fractions were free from leukocyte contamination (results not shown). Exon structures of TPMN and TPM5b transcripts are depicted in Figure 3 .
Western Blot Analysis of TPMN and TPM5b in Erythrocytes and Leukocytes
To show that the TPMN and TPM5b proteins were present in erythrocytes and leukocytes, Western blotting and immunodetection were used. Antibodies specific to TPMN and TPM5b detected 2 immunoreactive proteins of apparent molecular weights of 33 kDa and 31 kDa, respectively, in both erythrocyte and leukocyte membrane preparations (Figure 4) . Both proteins are expressed and are associated with the cytoskeleton. The CG3 antibody also showed significant immunoreactivity toward a second protein of Ϸ30 kDa. It appears that this may be an alternatively spliced tropomyosin from the TPM3 gene that also contains exon 1b encoded amino acids to which the CG3 antibody was raised. 18 
TPMN and TPM5b in Erythrocytes From Patients With Essential Hypertension and Relation to Na
Heat-stable proteins of 33 and 31 kDa extracted from erythrocytes ( Figure 5a ) were confirmed as TPM5b and TPMN by immunoblotting with the monoclonal antibodies Pep3 to 43 and CG3 (Figures 5b and 5c , respectively). Analysis of the TPMN to TPM5b protein levels demonstrated a significantly greater ratio in patients with essential hypertension with abnormal erythrocyte Na ϩ /Li ϩ CT than in both the NC (PϽ0.001) and patients with essential hypertension without abnormal Na ϩ /Li ϩ CT groups (PϽ0.01, Figure 5d ). Median (range) values were 2.9 (1.9 to 4.0), 2.9 (0.9 to 4.1), and 3.8 (1.8 to 6.6) for NC, normal Na ϩ /Li ϩ CT essential hypertensive (EHTϪ), and abnormal Na ϩ /Li ϩ CT essential hypertensive groups (EHTϩ), respectively. The EHTϩ group excluding the 6 outliers had median (range) values of 3.6 (1.8 to 4.3) and remained significantly higher than in both NC and EHTϪ groups (PϽ0.01).
The V max /K m ratio of Na ϩ /Li ϩ countertransporter is increased in essential hypertension. The V max /K m of the Na ϩ /Li ϩ countertransporter over all patient groups was correlated with the TPMN/TPM5b ratio (rϭϪ0.42; PϽ0.01; Figure 5e ).
TPMN and TPM5b mRNA in Leukocytes From Patients With Essential Hypertension
Northern hybridization with riboprobes specific for the 28s subunit of ribosomal RNA, used as a loading control, detected message at 4.9 kb (Figure 6a ). Probes specific for exons 5 to 9d of the TPM5b transcript and exons 4 to 9d of the TPMN transcript detected the presence of mRNA species at 1.9 and 2.5 kb, respectively, in leukocytes (Figure 6a ). 
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Densitometry of bands produced from Northern blots showed an increased relative abundance of mRNA for TPMN compared with that of TPM5b in the EHTϩ group compared with the NC group (PϽ0.01; Figure 6b ) with median (range) values of 3.7 (1.7 to 8.2) and 2.6 (1.2 to 4.3), respectively.
Discussion
Two tropomyosin isoforms, TPMN and TPM5b, are expressed in both erythrocytes and leukocytes. In patients with essential hypertension with abnormal erythrocyte Na ϩ /Li ϩ CT, the expression ratio of TPMN/TPM5b is increased in both erythrocytes and leukocytes when compared with NC and patients with essential hypertension without the Na ϩ /Li ϩ CT abnormality. The expression of only TPMN and TPM5b isoforms by erythrocytes may be functionally important because these nonmuscle isoforms can readily form heterodimers 12, 13 and not predominantly homodimers, as was initially thought. 20 -22 Assuming similar affinities for homodimers and heterodimers of TPMN and TPM5b, the change in isoform expression observed would on average change the occurrence of the TPM5b homodimer from 1 in 10.6 to 1 in 19.2 tropomyosin dimers and the TPMN/TPM5b heterodimer from 1 in 3.2 to 1 in 4.1 tropomyosin dimers. Although TPMN and TPM5b have similar binding affinities for filamentous actin (F-actin) and tropomodulin 10, 23, 24 when compared with other lowmolecular-weight tropomyosins, there are probably differences in their interaction with other tropomyosin-and actinbinding proteins. A model for how variations in tropomyosin isoforms can affect actin filament function has been described. 25 Therefore, the functional coiled-coil dimer of tropomyosin of TPMN/TPMN and TPM5b/TPM5b homodimers and TPMN/TPM5b heterodimers may have very different functional properties. A change in relative isoform expression is likely to change the functional characteristics of the tropomyosin polymer and its interaction with actin filaments of the cytoskeleton. This is likely to have considerable functional effects on cytoskeletal actin filament assembly and function. An effect of tropomyosin isoform expression on Na ϩ /Li ϩ CT is consistent with the role of the cytoskeleton in modulating ion transport. 26 In this respect, Na ϩ /Li ϩ CT is similar to several other cell membrane ion transporters that are also modulated by their association with the cytoskeleton. [27] [28] [29] [30] [31] We have previously shown the sensitivity of Na ϩ /Li ϩ CT to tropomyosin influences on the cytoskeleton by the change in Na ϩ /Li ϩ CT kinetics with liposome-delivered tropomyosin antibodies. 6 The results further support the hypothesis that abnormal Na ϩ /Li ϩ CT in the erythrocyte is a marker for abnormal tropomyosin expression in essential hypertension. Tropomyosin modulates the sodium ion-binding affinity at the outside site, which is the abnormal parameter in essential hypertension. This kinetic parameter is assessed by the V max /K m ratio, but the correlation between the V max /K m and tropomyosin isoform ratio is limited by the effect of other factors on V max /K m such as the number of transporters, which is likely to vary between subjects, as we have discussed previously. 3, 5 The change in TPMN/TPM5b expression ratio in the patients with essential hypertension is very similar at the protein level in erythrocytes and the messenger RNA level in leukocytes, suggesting that the change may be generalized among cell types. This could underlie several abnormal cell functions that are involved in the pathogenesis of insulin resistance and cardiovascular disease in the patients, since they involve the actin cytoskeleton. Demonstration of the abnormality in leukocytes is especially relevant because they have an important role in the cardiovascular complications of hypertension that are common in the subgroup of patients. Neutrophil granule trafficking, which has previously been shown to be abnormal in this group of patients, 3 depends on the actin cytoskeleton. 7, 8, 32 Actin filament remodeling is central to the response to insulin 33, 34 and mediates important metabolic effects such as GLUT4 translocation in adipocytes and skeletal muscle. 35 Failure to form actin filaments appropriately on insulin stimulation may lead to impaired glucose uptake, as recruitment of glucose transporters to the plasma membrane is blocked. 36 Defective GLUT 4 trafficking probably is a cause of human insulin resistance. 37 A functional cytoskeletal actin network is also required for clearance of lipids and lipid-rich particles. It mediates cellular uptake of lipoproteins 38 and disruption of the actin network by cytochalasin D prevents insulin-stimulation of cellular and heparinreleasable lipoprotein lipase (LPL) activity from cardiomyocytes. 39 The organization of cell-surface heparin sulfate proteoglycans is mediated by the cytoskeleton, 40 and LPL binding causes proteoglycan aggregation and colocalization with the underlying actin network. 41 Interestingly, left ventricular hypertrophy also occurs in hypertensive patients, and this is particularly common in patients with abnormal Na ϩ /Li ϩ CT. 42 Furthermore, patients with cardiac hypertrophy associated with hypertension have also been reported to have elevated platelet tropomyosin levels, possibly TPMN from its electrophoretic mobility. 43 Our results show that relative expression of TPMN/TPM5b is abnormal in a subgroup, but not all patients with essential hypertension, consistent with the multifactorial cause of this condition. Since the EHTϪ group, who were not different from NC, were receiving the same pharmacotherapies as the EHTϩ group and had the same levels of blood pressure, it is unlikely that either factor caused a change in tropomyosin expression. It was regarded as unethical to withdraw or withhold antihypertensive therapy from the hypertensive patients. We cannot exclude a role for differences in tropomyosin isoform expression in other diseases and those in which hypertension is common and associated with abnormal Na ϩ /Li ϩ CT deserve attention. Therefore, an apparently functionless erythrocyte membrane marker has led to a protein not previously associated with blood pressure control. However, the group of patients involved have several other abnormalities associated with cardiovascular risk, and abnormal tropomyosin expression leading to cytoskeletal dysfunction could be an important factor in most of them.
Perspectives
Interest is now directed toward the upstream genomic regions of TPM1 and TPM3 that encode TPM5b and TPMN, respectively, and the transcription factors that control their expression. There may be several polymorphisms involved contributing to the complexity of essential hypertension. It can be seen that 6 patients studied had notably higher TPMN/ TPM5b protein expression ratios than the remaining group, and this may represent a distinct polymorphism. Further investigation is required to understand the importance of altered tropomyosin expression in cytoskeletal stability and the consequences this may have on cellular processes. Ultimately, controlling gene expression may provide a unique and challenging therapeutic target in a subgroup of patients with essential hypertension who presently require aggressive antihypertensive therapy.
